Titania gels in liquid media crystallized from amorphous to anatase at temperatures as low as 120 ± C, while the onset of crystallization in air was 370 ± C. The crystallization rate in water was much faster than in methanol and n-hexane, and the crystallite size of anatase prepared in water was larger than of those prepared in organic solvents. The crystallized powders were capable of efficient hydrogen evolution following band gap irradiation in the presence of a sacrificial hole acceptor such as methanol. The photocatalytic activity of powder crystallized in methanol was superior to those prepared in water and air.
I. INTRODUCTION
It is generally accepted that a critical parameter that affects final characteristics of ceramic materials is the state of agglomeration of the starting powder. Washing the powder with organic solvents is an effective way of avoiding the formation of hard agglomerates. [1] [2] [3] [4] [5] It is proposed 4, 5 that agglomerate strength is determined by the extent to which water molecules, hydrogenbonded to surface hydroxyl groups, are able to form bridges between adjacent particles. Organic solvents can remove hydroxyl groups and water and leads to a reduction and/or elimination of hard agglomerates. In a previous paper [6] [7] [8] it was reported that CeO 2 -ZrO 2 crystallized in methanol and dried by supercritical drying consisted of softly agglomerated fine powders and possessed excellent sinterability compared to those fabricated by hydrothermal crystallization and/or calcination in air. These results suggested that organic solvents played an important role to depress hard agglomeration and crystal growth during crystallization. The details of crystallization of ceramic powder in organic solvents, however, have not been clarified. In the present paper we described the crystallization behaviors of TiO 2 gel in liquid media such as methanol, n-hexane, and water and photocatalytic properties of titania crystallized under different conditions.
II. EXPERIMENTAL
Amorphous TiO 2 gel was prepared by slowly adding 500 cm 3 of i-propanol solution dissolving 0.66 mol of titanium tetraisopropoxide to the mixed solution of 50 cm 3 of water to 500 cm 3 of i-propanol at room tema) Author to whom all correspondence should be addressed. e-mail: tsusato@icrs.tohoku.ac.jp perature. The gel was successively washed with 50 : 50 (vol %) water/methanol mixed solution and methanol, and dried at room temperature using a vacuum desiccator. Since the amount of water in the dried gel was determined at 30 wt. % by thermogravimetry, the chemical composition of the gel may be described as Ti(OH) 4 . In order to investigate the crystallization behavior 0.5 g of amorphous gels were heated in 6 cm 3 of methanol, n-hexane, and/or water at various temperatures for desired times. The crystallization fraction, x, was determined using the integral intensity of differential thermal analysis (DTA) peak around 370 ± C corresponding to a crystallization as
where I 0 and I t are the DTA peak intensities of the gel before and after heat treatment, respectively. The phase constitution of crystallized powders were determined by x-ray diffraction analysis (XRD) using Ni-filtered Cu K a radiation. The microstructure of the powder was observed by transmission electron micrograph (TEM). The crystallite size of the powder was determined using a TEM photograph. The fluorescence lifetimes were measured using a nitrodye laser (Hamamatsu Photonics LN120C), an imaging monochromator/spectrograph (Acton Research Corp. SpectroPro-1), a digital delay pulse generator (Stanford Research System DG535), a streak scope (Hamamatsu Photonics, C4334), and a data analyzing system (Power Macintosh 7100/80AV with an analyzing program of Hamamatsu Photonics Photolumi 2.44f ACT), where the samples were placed in vacuum cells. Photocatalytic reaction was carried out in a Pyrex reactor of 400 cm 3 capacity attached to an inner radiation type 100 W high-pressure mercury lamp. The inner cell had thermostated water flowing through a jacket between the mercury lamp and the reaction chamber, and was constructed of quartz glass. The photoactivity of a catalyst was determined by measuring with a gas burette the volume of H 2 evolved during the irradiation of the suspension of a catalyst in 50 : 50 (vol %) methanol/water mixed solution.
The starting gel was amorphous by XRD. The amorphous gel examined by DTA analysis on calcination in air showed crystallization to anatase at 370
On the other hand, by heat treatments of the gels in water, n-hexane and methanol crystallization occurred significantly above 120 ± C and were greatly promoted with increasing temperature as shown in Fig. 1 . The crystallization rate was in the order in water . in n-hexane . in methanol.
The crystallization behavior of the gels was studied in methanol-water and n-hexane-water mixed solutions at 140 ± C for 2 h. The crystallization fraction is shown in Fig. 2 as a function of water volume fraction. The rate increased initially with increasing water volume fraction, thereafter becoming constant above 50 vol % of water content; i.e., "Langmuir" type concentration dependence was observed. These results suggested that water is essential for the crystallization of the gel and that the crystallization proceeded via a dissolution-reprecipitation mechanism, where the gel dissolves as hydrated ions by reaction with water absorbed on the surface.
The time dependence of the crystallization degree in methanol at various temperatures is shown in Fig. 3 . The kinetic data could adequately be described by the surface chemical reaction controlled shrinking core model 9 expressed by Eq. (2),
where k, x, and t are apparent rate constant, crystallization fraction, and time, respectively. By Arrhenius
FIG. 1. Crystallization fractions of titania heated in water (᭡),
n-hexane ( ≤ ), and methanol () at various temperatures for 2 h.
plots of the rate constants determined from the slopes of the straight lines, activation energies of 89.1, 88.0, and 206 kJ mol 21 were obtained in water, n-hexane, and methanol, respectively. The activation energies in water and n-hexane were almost identical and that in methanol was significantly larger. The difference in activation energy may be due to the difference in solubility of water in these organic solvents. Since water is miscible with methanol but not with n-hexane, it is possible that water is entirely distributed in methanol but concentrated around the gel particle in n-hexane. Consequently, the crystallization behavior in n-hexane is suspected to be similar to that in water, but not that in methanol. Average crystallite sizes of the powders crystallized in methanol and water were 7.2 and 12.7 nm, respectively, whereas average agglomerated particle sizes of the powders were 2.3 and 3.7 mm, respectively. These results suggested that the powder agglomeration was depressed by crystallizing in methanol.
The amounts of hydrogen gas produced by the photochemical reactions using different titania powders are shown in Fig. 4 . The amount of hydrogen gas evolved increased linearly with time. The photoactivity was in the order anatase crystallized in methanol . anatase crystallized in water . anatase crystallized by calcination . amorphous titania. The photoactivity of anatase increased with increasing specific surface area. On the other hand, although amorphous titania possesses the largest specific surface area, the photoactivity was quite low. It is known that photoactivity depends on both the specific surface area and life time of photoinduced electron and hole. It is suspected that the recombination of photoinduced electron and hole is fast in amorphous titania, since it possesses a large number of defects which act as electron-hole recombination centers.
All samples showed emission at wavelengths greater than 400 nm. The emission intensity of amorphous titania was much weaker than that of anatase although the fluorescence yield could not be determined accurately by our experimental setup. In the absence of a quencher, the deactivation of excited titania occurs by radiative (reaction a) and nonradiative (reaction b) processes. 10 The fluorescence yield and the emission lifetime can be equated to expressions (3) and (4) 
where k r and k nr are the rate constants of electron-hole recombination by radiative and nonradiative processes, respectively. The decrease of emission intensity can be attributed to the increase of k nr . It may be due to the increase of the defects which act as nonradiative electron and hole recombination centers. By fitting the emission decay profiles with a double-exponential decay law expressed by Eq. (5), the emission lifetimes ͗t͘ were determined and were plotted together with the photoactivity and specific surface area (Fig. 5) . As expected by Eqs. (3) and (4), the emission lifetime of amorphous titania being suspected to possess larger k nr was much smaller than of anatase. On the other hand, anatase crystallized in the solvents such as water and methanol possessed longer emission lifetime and larger specific surface area than that crystallized by calcination. The excellent photoactivity of anatase crystallized in methanol may be attributed to the larger specific surface area and longer lifetime of photoinduced electron and hole.
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